Abstract. Low frequency internal friction measurements have been made on "pure" aluminum and dilute aluminum alloys in heavily cold-worked states. A relaxation peak is observed at about 200 K(for 1Hz) even in specimens of nominally 4N or higher purity. This peak is considered to be the same as those previously reported by several researchers for dilute aluminum alloys of Cu, Mg or Ga. Among various elements so far examined (Cu, Si, Fe, Ge, Mg), Si has a dominant effect. The anomalous features of the peak, i.e. high activation energy and small preexponential factor for the relaxation time can be understood in terms of a model in which the anelastic elements exhibit strong interaction .
INTRODUCTION
Internal friction associated with dislocations in metals has long been studied extensively. The relaxation peaks appearing at low temperatures in cold-worked metals are usually called the Bordoni peak. It is now generally accepted that the peak is due to the intrinsic motion of dislocations over the Peierls barrier. At temperatures higher than that of the Bordoni peak, several peaks have been observed. This group of peaks has been referred to as the Hasiguti peaks. Extensive investigations have been performed for Au and Cu, and the peak is considered to be due to dislocations combined with physical point defects such as vacancies and interstitial atoms introduced by cold working [I] .
One might then expect the appearance of relaxation peaks of dislocations combined with chemical point defects, i.e., solute atoms. The Snoek-Koster peaks in b.c.c. metals containing interstitial impurity atoms are considered to be of such nature [I] ; extensive studies have been made for Fe-N and Fe-H alloys. In f.c.c. metals, several researchers have observed relaxation peaks in copper alloys: Cu-Ag [2, 3] , Cu-A1 [4, 5, 6] , Cu-Zn [6] and in aluminum alloys: Al-Cd, A1-Sn 171, A1-Cu [8] , A1-Ga [9] , Al-Mg [10, 11] . In contrAst to the case of b.c.c. metals, our understanding of the nature of the peaks is far from complete. One important difference exists in the peak characteristics; in b.c.c. metals the peak appears at temperatures where the solute atoms are mobile, e.g., 480 K at 1 Hz for Fe-N, while in f.c.c. metals the peaks appear around 200K where the mobility of substitutional solute atoms must be negligibly low.
In the course of an internal friction study on a series of A1-Mg alloys [12] , we noticed the presence of a relaxation peak at about 200K even in a reference specimen of pure aluminum of high purity, when measured after heavy cold working. It is suspected if the peak is related to some trace impurities. In this paper we report the result of low frequency internal friction measurements on pure aluminum and dilute aluminum alloys.
EXPERIMENTAL PROCEDURES
Three kinds of "pure" aluminium ingots were supplied by Sumitomo Chemical Co. Ltd.; 99.95, 99.992 and 99.9996 wt%. Dilute alloys were prepared from the ingot of the highest purity and the respective solute element: Cu, Fe, Si and Ge of comparable purity; the alloy specimens were subjected to homogenization anneals at 560°C for 4 days. Wire specimens of 1.2 mm in diameter were prepared from the pieces cut from the ingots through groove rolling and drawing. For alloy specimens, intermediate annealing was made at the diameter of 2 mm for 1 h at 350°C. The as-drawn specimens were immediately mounted in an inverted torsion pendulum apparatus [13] . Internal friction was measured on heating over the temperature range from 80 K to 640 K at a heating rate of 1K min-1. The vibrational frequency and the strain amplitude in the surface shear strain are typically 1 Hz and 1@6. Figure 1 shows the internal friction vs. temperature curves for as-drawn "pure" aluminum specimens of different purity. For two specimens of lower purity, 99.95 and 99.992 wt.%, peaks are observed around 200K, but not in the specimen of highest purity of 99.9996 wt.%, the commercial name of which is Supral. All the other "pure Al" specimens measured in this experiment exhibited peaks at the same temperature, although the nominal purity was claimed to be 99.99 or 99.999 wt.%. Thus, it is suspected that some trace elements in A1 are responsible for the appearance of the peak.
RESULTS
In order to identify the impurity responsible for the peak, we have made measurements on dilute alloys as shown in Fig.2 . In commercial aluminum, the major impurities are known to be Cu, Mg, Si and Fe. All the four elements introduce the peak at almost the same temperature, but Si has the most dominant effect. The addition of Ge, belonging to the same group in the periodic table, introduces a small peak at a temperature slightly higher than that of the Si-added specimen. Since Si has the predominant effect, a detailed investigation was made on A1 -Si alloys. Figure 3 shows the result for a series of specimens with various Si concentrations. The peak is in fact higher for specimens with higher concentration of Si. Figure 4 shows the result of successive measurements on an A1-0.93 at.%Si. After the first heating run measurement on an as-drawn specimen up to 370K, the specimen was cooled down and subjected to the second run up to 450K. The peak shifts toward higher temperatures and gradually decreases its height on annealing. After annealing for 1 h at 650 K, the peak completely disappeared. The annealing behavior of the peak in pure aluminum specimens was not very much different from that described here.
The height of the peak is strongly dependent on the mode of deformation. The peak is virtually absent or very small after torsional deformation. Severe deformation at high stress levels as in the case of cold-drawing seems to be effective in introducing the present peak. This trend has also been recognized for the peak in Cu-A1 alloys [3, 4] .
Detailed analyses of the peak have been made for a specimen containing 0.05 at.% Si. Figure 5 shows the internal friction peak after subtracting the background and the vibrational frequency as a function of temperature. The relaxation parameters, the activation energy E, and the pre-exponential factor TO have been determined by the peak shift method: E, = 1.63M. 12 eV, TO = 1 0 5 3 . 3 s, The dashed line is the Debye peak of single relaxation calculated with the above relaxation parameters; the experimental curve is much broader than the theoretical one.
In the case of the Debye peak, the height of the internal friction peak, Q;' , and the associated AM effect, AMIM (= 2 Af I f : f the vibrational frequency) is related by where a is unity for a single relaxation process. For the present peak shown in Fig.5 , a is 0.25. This means that the peak is broadened by the distribution in the relaxation times. If we adopt the log--normal distribution in the relaxation time [14] , the value of the distribution parameter, P, is 6.75 and the relative peak width, r(P) is 4.48 from Table 4 in Ref. [14] , implying that the peak is broadened by a factor of 4.48 than that of single relaxation. The anomalously small values of TO for this type of peaks have been recognized in several previous investigations [4, 5, 6, 8, 9] .
DISCUSSION
Although the origin of the present peak is not yet clear, some remarks are made here to give a clue towards a better understanding of the phenomenon. The requisites for the appearance of the peak are the presence of solute atoms and severe deformation or high density of dislocations. The gradual decrease in the peak height by annealing above 450K (-TJ2) and the annihilation of the peak by annealing around 650K also suggest the involvement of dislocations in this relaxation peak.
Among various solute atoms examined in this experiment, Si is the most effective to introduce the peak. Although the other elements such as Cu and Mg also seem to be effective to some extent, it is not at all clear. One should note the fact that nominally high pure aluminum of five nine does exhibit the peaks of considerable magnitudes. Thus, some elements such as Si or some unidentified impurities unintentionally introduced in preparation of alloys with Cu or Mg can be responsible for the peak. In some previous investigations [8, 9] , measurements were made for specimens of just one concentration. In such experiments, it seems difficult to ascribe any observed phenomenon to the contribution of the solute atom; impurities present in the raw material, not the solute element added intentionally can be responsible for the phenomenon.
The features of the present peak are fairly different from those observed for conventional relaxation peaks of internal friction. Some of such features can be explained by considering a system of strong mutual interaction. In an earlier paper, one of the present authors discussed the relaxation process of a system in which anelastic elements exhibit strong interaction [15] . For such a system, the internal friction and the associated AM effect, AMIM, can be written as where To is a constant, Tc is a critical temperature, which expresses the strength of the interaction, o is the angular frequency and z' is the relaxation time, which is related to that in the absence of the interaction, z, as z' = T / (1 -Tc/T). The salient features of the relaxation of the system may be summarized as follows.
(1) The interaction modifies not only the magnitude of the relaxation strength, but also the relaxation time.
(2) With increasing the interaction, the peak shifts towards higher temperatures. (3) When Tc approaches the peak temperature, the peak becomes higher and narrower. The apparent activation energy becomes larger and the apparent preexponential factor TO becomes smaller.
As a numerical example, we have chosen somewhat arbitrarily the following values: = 10-l3 s, E = 0.46 eV, and have drawn the curves of e -1 for various values of Tc as shown in Fig.6 . The apparent activation energy, defined by Eapp = d lnz'/d(lln, is 0.79 eV and the apparent preexponential factor is 2.02 x 10-20 s for Tc = 200 K. Although it is still far from quantitative agreement, the trend is in the right direction. Detailed analysis of the peak will be reported in a separate paper.
In conclusion, the anomalous feature of the peak observed in dilute aluminum alloys in the heavily cold worked state can be explained qualitatively as the relaxation of a strongly interacting system. were determined by the peak shift method.
